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Symmetric and asymmetric deformation from plate-margin orogeny to intracontinental tectonics: formation

mechanisms of lithospheric tectonic vergence

Abstract: [Objective] Tectonic vergence records the geometric asymmetry and kinematic directionality of
shortening during orogenic thickening, and provides a key link between surface deformation and lithospheric-scale
geodynamics. Although vergence is widely used in structural geology, its expression at the scale of entire orogenic belts
remains insufficiently clarified, especially in intracontinental settings where stable plate-boundary subduction is absent.
This study aims to compare vergence patterns from plate-margin orogens to intracontinental mountain belts and to
identify the mechanisms controlling their formation, maintenance, weakening, and transformation. [Methods] We
synthesize five representative orogenic systems: the Central Andes, Taiwan, the Alps, the Qilian Shan, and the
Tianshan. Surface structural styles, fold—thrust belt geometry, orogen—foreland basin coupling, geomorphic evolution,
modern crustal deformation, seismicity, and lithospheric architecture constrained by Moho/LAB geometry and
geophysical imaging are integrated to evaluate vergence at multiple scales. [Results] Plate-margin convergent
systems commonly develop stable one-sided tectonic vergence. In the Central Andes, long-lived subduction of the
Nazca slab provides persistent asymmetric forcing, causing shortening to be localized above the subduction interface
and transmitted eastward toward the retroarc and foreland. The Altiplano Plateau, with crustal thickness locally
reaching 60-75 km, records progressive Cenozoic crustal thickening, uplift, and eastward propagation of deformation.
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Taiwan, as a young arc—continent collision system, locally records early-stage bidirectional deformation around the
Central Range and arc-side backthrusting near the Longitudinal Valley—Coastal Range system. However, foreland basin
evolution, westward migration of the frontal fold—thrust belt, and modern shortening concentrated along the western
Taiwan thrust system indicate that its long-term, orogen-scale, dominant vergence remains west-directed. The Alps
demonstrate that tectonic vergence is time-dependent. During early subduction and continental collision, deformation
was localized along a single subduction interface, producing a north-vergent simple-shear-dominated architecture. After
collision, slab break-off, eclogitization of the orogenic root, and thermomechanical reorganization weakened the earlier
interface-controlled deformation and promoted strain redistribution across both flanks of the orogen, leading to paired
north- and south-vergent thrust systems and a more symmetric collisional structure. In intracontinental orogens, stable
one-sided vergence is not guaranteed. The Qilian Shan and Tianshan lack compelling evidence for a continuous, long-
lived, single-sided lithospheric subduction interface. Their deformation is mainly expressed by distributed crustal
thickening, high-angle reverse faulting on opposing flanks, and near-symmetric shortening. Recent studies from the
Qilian Shan further show that lithospheric-scale tectonic wedges may develop along basin-mountain transition zones,
where relatively rigid basin lithosphere wedges into the weakened lower crust of a thickened orogen. Such wedge
structures are best interpreted as local expressions within a pure-shear, vertically coherent deformation framework
rather than as large-scale simple-shear intracontinental subduction. [Conclusions] Lithospheric-scale tectonic
vergence is controlled by the coupling among boundary conditions, negative-buoyancy forcing, and lithospheric
strength—buoyancy structure. Persistent single-sided slabs or effective negative-buoyancy sources favor stable simple-
shear vergence, whereas slab break-off, loss of one-sided forcing, and mechanically strong opposing blocks favor
distributed pure-shear thickening and weak or near-symmetric vergence. [Significance] This study provides a
unified framework for interpreting tectonic vergence from plate margins to continental interiors. It highlights vergence
as a geometrically testable indicator for linking surface deformation, basin—orogen coupling, and lithospheric-scale
geodynamic processes.
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Fig.1 Lithospheric structure and tectono-geomorphic evolution of the Andean orogen

(a) Lithospheric cross section of the Central Andes across the Altiplano Plateau (modified after McQuarrie et al., 2005); (b) Schematic
model illustrating the Miocene to present tectonic—geomorphic evolution of the Altiplano Plateau (Regional exhumation history after Lease
et al., 2016; Giambiagi et al., 2022)

Abbreviation for geological unit: WC—Western Cordillera; AL—Altiplano Plateau; EC—Eastern Cordillera; [A—Interandes; SA—Subandes;
CPB-Chaco-Parana Foreland Basin
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Fig. 2 Field and seismic reflection evidence for deformation in the Central Andes (Field photos and seismic data after Zamora and Mora,
2022)

(a—b) Ordovician limestones of the San Juan Formation; (c) Miocene terrestrial deposits of the Auquilco Formation; (d) Seismic reflection

profile across the Subandean foreland fold-and-thrust belt
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Fig. 3 Lithospheric cross section of the central Taiwan orogen (modified after Malavieille et al., 2021)
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it (B 4b) o bR R 7 e 15 32 0K B i R B Az e N AR e B DR, DR Z R alde inse &2 tk, il T
I8 LA ) BT REAERE I AE . 5 & T I flf 48 0% bRk o S AN [R], ] 7K B A 3 v A B SR TR RUBE, (H T
I 20 BATH R B S 35 (R A — AR TR

FERIERTE b, BRI 1 B0 S AR Al . FEFESEIN i 5 T IR B B, RO A B 1) v AR v 2210
Tl BRI T, B S A B bR B b 7 5T R T B AR [y b, BRI A T RO gz o (K]



4a) o MM BOGIEAE AR T TR SR, AR SRIN g ) b s i ) B A s Al e, B OB f S BT ) 32
SHHIE (Avigad etal., 1993; Schmid etal., 1996, 2004) . SR, 7E¥E%E5E 45 M1 H3E N B — B i B B
BT AR RGVEEE (B 4b) o m OB /R B30 6 fm) i 2 v, 7T A6 2K gy 4k 28 [m) BT Rt HERE, A AE
FIAL RN EE T i, TR RS R WA /2 (De Graciansky et al., 2011) o B[/RELHTEGEE CGRRFIIEH X)) B4k
Fesk (5 dsg 7 —Hr B N AR TERAE . T U 1 0l A ARAR f5T 46 A B B AR fm) AR iR, L B 2
i R A D S R R T AE RS 9 29.9411.2 Ma (8] 5a; Curzietal.,, 2024) , 2B H Y B
MJER R TG BIRZS . 78 55 A T4t Scaglia Rossa H KA M 1 2E & Maiolica ZH K & [FIFE & B Wi 548
ki, Wi NI 45 U-Pb 45684 23414 Ma (8] 5b; Curzietal., 2024) , FE7mWUHT tH— P B B
AT MR AE T T MR e IS AR T . RENE RN, XL A BRI Ty R () S AL BT ), T
M T ARG R G2 A, RSN ASLE R A6 P BT T . R R R BT [ R bl v 5 A6 2 s (v e
L [FI ) S X6 TR B0 X A e R AR 3R o BT R BT LI R S T SR B W & B 08 (Curzi et al., 2024) , 15 S5EOTARPUE
TSR T R LA ) B ZEL IR [RDAH — B8, Ul BAAE X — I, ] R B S e E S ) 7 B BT 4 ) ) A A
7, HENFEN RO HRIG S B A R R BRI s, ARl 7K B T 7 A AE B 5 (0 0 JE 52 S5 R 1 LR
gtk (Avigad etal., 1993; Schmid etal., 1996, 2004; Bellahsenetal., 2014; Curzietal., 2024) . FHiFTE
b R R AEARAR, PSRRI B B LR AR . ROHEE AN OIG R T SRR, WA R I AR E Gy
[T Sy Fa P

ST, BT R BT 7E T 2R S 2 T A A 1) b 0 ez ) 0 L ) R R PR 2R TR RIS SE S, BlE R
RS ARG, NARE R AL E W Ae, TR A6 a0 AR A R I L S5 o BT 2R B i Ly
WK T ARG AERTR I J5 17 i PR o R 184 JRE A R e B B, 2 T e A LA s R e v AL ) %) S a3 52491
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Fig. 4 Lithospheric cross section of the central Alps orogen (modified after Schmid et al., 1996)
(a) Paleogene; (b) Neogene
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Ma; Curzietal,, 2024) ; b— ¥4 (Scaglia Rossa ) K&; c—HIEFR (Maiolica 1) KA (Wi M EBIKIR #h % U-Pb %
NJTfEA 23+14Ma; Curzi etal., 2024)
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Fig. 5 Field outcrops from the central Alps (northern Italy)

(a) Phyllonitized Paleozoic metamorphic crystalline basement dipping toward the southeast; illite from fault-related clay minerals records
the latest deformation event at 29.9 + 11.2 Ma (Curzi et al., 2024); (b) Paleocene limestone of the Scaglia Rossa Formation; (c) Cretaceous

limestone of the Maiolica Formation; carbonate U-Pb dating of calcite within the fault zone yields an age of 23 + 14 Ma (Curzi et al., 2024)
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e 7R S L i s 1 ARG R MR AR A KTl 56 B RS R BB B A o SR TTD, F AR 3 1Lty
Ze13 7 R BT D) R AR S A R . AR B AR BRI S BB AR R, R AT B A P LR S AR RO A 5] B
DRG], HAE SR BT RN 1 N ARd S B BRI KEh . EIXME R, MAREEAEF
FH BTN, TR L P e YRR 22 R I Y (8] o RORE, SRR E b I R A SR AR 4 5 1
kR ARELS RIGE LR TR Mg s ST, SE A - WOLRE T RN i s ER R, T+
WA BE R SIS, B R A 3 1Ly R i R SR B S

3.1 1BEWEL

AR L& A T R AR RS, B Sl AR b, PHEEE R, b AR o] 75 2 JE AR ] 4 2 b e,
MRS PRI HIE, KM 8 T2 -6 - ity GREFAIZNG, 1998) o FRI%E 1L P &6 H 78 4L 78 i)y
ARDRMIESEA B S E— SRR A S - - AR R R 2 MEAT I 5T, ] T o E T 2 ik



. WA W SPEE SRR (BA%s, 2010; ZEUKZE, 2016; Fuetal., 2018; Wuetal., 2022; Yan et
al., 2022) o FAEARLSK, 75 - BRI RO FE RS I RFSEAE R, ARI%E (Ll 22 N4 A S5 S AE i 55 s
AEFEN, TERIS — R A ACTE P — B R AR A~ AT B — A S RN ki 9 34 JE A& JR) (Zuzaetal., 2016; Pang et
al., 2019; Chengetal., 2021; Huangetal., 2022; Fffi#5E, 2022; Wuetal., 2022, 2024, 2025; Zhang et
al., 2022; Yuetal., 2023; 5Ki#VT, 2024; Jinetal., 2026; Xieetal., 2026) .

A8 L 32 Ly (0 A AR — S A S T B R B B o BRI T — it R AR R B, i
B DL S B TR B BN (He etal., 2017; Yuetal., 2023; Lietal., 2024; Wangetal., 2024; Lu et
al., 2025) o VAT P 7 AR pAY RS9GS2 b M i thE— e T T AR A7 R [ AR AR A RN 1) R SHARRAE R B (Zhu et
al., 2006) , i tHE RS 3TV 78 78 JBR A L IE S8 A0 A0S I8 1 P APl 22 o i Bl R R E IR R [ R Rz AR R
A, AR O AT R, ESk T W AT e RE R ) ARG R R . SRR, R SEA R A e
FRHE L 2 A AR AR A S AE B I L38 % (Cheng etal., 2021; 2245, 2023; Lietal, 2025) : 7hiiifiZ
REmAERES TR, Wb EESRANE, KTPHEEAR, Mm-S o oK AT 7200 Py,
R AR L (B AR TE SR SE Rl A, TR R IR S — R L AR (RS, 2023) . [,
M AEPZE LA G AR S, A8 L AR ) BT R MR ARk, TR AT R itz () S2 Ui A
FE[RI L ARG 3 LR &R

KT ABE WL IR 7, KIAAELE “BERMet/ Nid” 5 “BAaisyg = 2 Rimo e (E
6a. 6b) o HIH R YA PH KBl A A B ) A 0% W 2 R e, B2 R AR 5 4 B B ) £ B ( Yin and
Harrison, 2000; Tapponnier etal., 2001; Yeetal., 2015; Sunetal., 2022) ; & W NZEREFIELE =
AR 1L 5 P N B Ad e A AR AR 0 G R, AR TR AE I L RN X RSP EC ( Shen et al., 2015, 20205 R#&5,
2023; Gaoetal., 2025; Lietal, 2025) o iTFREHLE ZHT SHGREURBE R BoR: A8 L N7 AR R H
8 ) AT N LA I AR (Bao etal., 2015) , 83 (L 5 b0 76 72 JHR — Kl iy 3% 22 18] 4728 ) ik
FPE SR TR (Shenetal., 2020) 5 #HJ, fBi&EILZ FHFEEZEINE, Moho fREIZL, i AbMIB 2 bk ith 72
B B ARG B SUFER, SRt — e, GRS L S P R AR R A PR TR R E RS A
Pl ROBE A RIS (Lietal., 2025) : bHiFe R & AL B JE IR RS NI, HE6T20 13~15 km -
WIVE R s, A AL 7.6~11.7 km, o 54%-95% 1 A6 B 3% (i 7 A Rl IR ERIAEAEZ) 7.8 km 1)
Moho ZKF45 T, X W — 2% A A Rl ROBETR R WL, S BRAF G IR (14907 176 2 JBG 22 ) o 82N 2 R) 34 JE2 1 55 4
MAEARE L P sE . XU R, ARIE L B E A AR 3 A ROBE b R R B Dy 3 X R i P 3 R
(Shenetal., 2020; Yeetal, 2021; K 6c. 6d) , AL L EW RN R E A RIS A BHIER (5%
45, 2023; Lietal., 2025) .

by 7 RO (R 3 AR T AN LA R 5 R VG BN R BRI X Ak “ BRI XIAR S JR A 7 1" IR o DA% — ¥ IR
Wity ok, AL EE . ALEIA K & — R AR FE A 1 = S S B R (Yeetal., 2021) , R
AFIAEARIE L FE AL M ER e (B 6d) o “PATRITIKE Bor, FrAEM R Mg &858k, (EHdEE+S T
BT, TREEIAEE T KM XN R E&IH (Zuzaetal,, 2016) o 757 %L FoRE 3 B4 b T8
G LT PR (Xuetal., 2010) , 1 #83%E — ¥ J5 70 T A W W 285 W E s AR AR A0 36E TR 0 22 g 3l (B
M85, 2023) : FEWrRUEWE MR NE, 5K B AGE BB K 4> 8 (Zhang et al., 2019; He et
al., 20205 VSJIM8%E, 2023) o XFLRWIRIESIEE . ARSI AR R O AR SR, U0 B A I L N AR R U
BRI T e R B RS N R A R, T AR N B — IR A R AR

R, ZEEHIE TUMT . IR S SELA MR VR B AE, AR 1 Ly R B SR R ok 38 )R AR R . Ho46
RSt R B2 m R RIS, TEER Z RO A G| AR, RIS I Ly B A6 00 2 P SHe e b e P A
ST A B E R . SRR R R R SR AN, 3% Ll R R R AR E B SRR e ) L, T
SO0 RR G JE LA 5 0 S BE B o AR, 2 e R I Bl A TR AR RO s ) B R i L S
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Fig. 6 End-member models and lithospheric structure of the Qilian Shan orogenic belt

(a) Simple shear model for the Qilian Shan (modified after Shen et al., 2020); (b) Pure shear model for the Qilian Shan (modified after Shen
et al., 2020); (c) Lithospheric cross section across the Qilian Shan—Hexi Corridor—Alxa block (modified after Shen et al., 2020); (d)
Lithospheric structure profile of the Qilian Shan (modified after Ye et al., 2021)

Ps/P—amplitude ratio of the converted wave to the direct P-wave

3.2 RULEWLE

Kiliag (R B b I, AR VEEEMHZ) 2500 km,  FIAEFE4) 300-500 km, BN TR M55 A B 5 6N
WA v e 2 1), AR AR AR SR I b - A PR B AR A0 L, T T YN T B KRR AR
WS AEERE (Xiao etal., 2013) o EMGAGE LB ES, KEHZHEINHETT, WHHE S5 (Naryn
90 SHIETE YN (ssyk Kul 510, EA15 B R L3 AR 2 S [FAG) s 5 I- 39 AR -k % S PG 25 AR BE,
B AR NS S A A o BB TR AL T B e AIE S (ERAREE, 2006: EEANGE, 2025) .

Rl 3 Ly PR AR AR At - M B0 1 2 B B R ) 22 B BR R T 5 R R R AE o 2R IR AVEAR S 5 Ll AT S It
e % (Laborde etal., 2019; Yuetal., 2022; Wangetal., 2023; Jingetal., 2025; FREMI%E, 2025) , K



WE I 2 B (29 60-30 Ma) SR TSGR BRI B, RIEl R MK, HZEMRAR (Wang etal., 2023;
TEAEE, 2025) o FENBEH, SCAFBIRTT IR W B, AT 3 B AR 7Ll A DL R LA R TR R
WrEdptiE (Yuetal,, 2022) 5 AHRCH, (LAEGEEHITAUE S A, RREE AL g aR, - 1L G RGUIEHT L
(Jiang and Li, 2014; Labordeetal., 2019) . Mttt (2510 Ma) LUJE, MI&EIEShIE— 0 INam IF m) 21 i 5
P (Lietal., 2023; Jingetal, 2025) , Wiaf@&M Z KB EKHMESFRUIHAE (Sunetal., 2009) , i
Wric 5% 7 iX — B B SR S35 5l g ek A2 (Lietal., 2020; Chenetal., 2022; Luetal., 2022; Sunet
al., 2022; Tangetal., 2022; Sunetal., 2023; Zhangetal., 2023, 2024a) .

L4 GNSS Ml i 7x (Wuetal., 2023) , #5HE R HIEAALLZ) 17-20 mm/yr FECR LIS, 1% il
Ry B BTGB Ak W S R B B RRRE L 12-13 mm/yr, BB B4 M 5T 46 R 1L BT R T 2R G R
Ly A S T TR BT o AR R LLRTSPHE e o, A4 R A 20 2-4 mm/yr, (G EREREE re e
(AL SR R L) =70 2 —, S Wi i 8 A W A 2 A2 MR IX SV SR R & o0 (Lietal., 20222) 3 &5
UEIES, & AR NNW [ 2 e T Wi, HOEM &2 2-4 mm/yr, & M) 2 8 85 BOReE, A A
WA FEBEZ RIM4E2ZE S (Wuetal, 2023) o BRRE, RINIAARTERINI 4656 -5 LW B U &
JEICRME L (Lietal, 2026) , ZfE7Erdbpii i 2ty B, 0l Z W28 s 5 R hse iy 5t
A SEE A A Bl G, T K 2R T W SR R Y 7 1) AR 73 B S A Thfe R0 ) ol 28 s s Ly 1) 0 B S 1)
ANV —VERFE

R Ly LT R IR AR T AL I B DA R R RS S P P e A Y . Al BT D) R R S R R BT DI (1] Ta-
7b) o ABIYIEEAAN (Lietal,, 2016, 2022b, 2026; Xuetal., 2025) , {EEIEERFERFSEMILMIHESER T,
B B Hh B 550 5 o ST HE b B 5] ) PR R LR, 4 R L I i LAl P ) 2 ) 3G IR v A R T S Bl S
P, M ST BRI S IR R E LRSS R (B 7a) ;s T FRBT IR ) 58 (Lei and Zhao, 2007; Gao et
al., 2013; Huangfuetal., 2021) , P{IES & HbHL S A Bl DU A FE m) R L R 7 BN BN 9, VR 52 A 4 59 1D 1) o
Ll PR HERE, TR RRGENS MRS 5 B BL M IE T LA o T AE R 2 Pt BRI A A R BB R AL T B2 PR Bl
BRI 1L RE JE AT AR AR R R L T 5 7R B L) Moho &R S sE i, H ok Bl e )R BRI 60-70 km,  EORTE
BT AR 2544 (Lietal., 2016) 5 7E VG B A4 B S H0 X AT 1R 31 i 9 5 3 A 1 s Ll vy R 7 A, ot A e S
YA A A B IR PR (B 7¢)  (Lietal, 2022b) o SR, IXE&JRHRSF & A7E 25 ) b 20 BB A,
H AR E SR 2 B b AL (Gao etal., 2013; Yangetal., 2022) . B—J7if, HAKKHNES RS
RIENLHIEY 278 (Lietal, 2022a) , Rl L iGshiis DLs A R e 2 8 & (Lietal., 2012) , 16
A Hr R Wr LA e 2250 7 (Wueetal., 2023) , g O im) 55 BLR RO ph S0 A0 m) 5 5% o S 3E Mt Bl o, 4k
FEIEG LT P53 707 #6; Moho #AARAY 2 &R A T IE A HF 220 )E  (Lei and Zhao, 2007; Lietal., 2022b;
Yang etal., 2022) . [AIT, SRS RE Ok B BAONRE R () 5 /it ik (B 7d) (Yang etal., 2022) , #ATMW
B AEACLISR SR 2 () ik PG A5 s R R B T OO AT B 00, /b B4 Feng P A FEA SRR 5 BT D) A
LAl P I R, 55 A0 Bl 2544 BT 2 IO P WAL P e 7 T LA B 00 0 R 1) A X JE A R

gE b, Rl s A AR T 5 4 6 3 A2 B - Al 1 S R RS BT ], RS LR 5 A % v e
bR R A PP S 1 S 3 1 R T s B ik ST . SRR AR IR LA AR G, R LR = R P S A s i
T, FASTE RN 2 Wik R AL R R IR . 3 i P05 P S i R 184 P A ek N LA, iR A i i
R A IR O] 5 43 B s il DR 2= 341 77 i i e S
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Fig. 7 End-member models and lithospheric structure of the Tianshan orogenic belt

(a) Simple-shear model of the Tianshan (modified after Xu et al., 2025; Li et al., 2022b); (b) Pure-shear model of the Tianshan (modified
after Xu et al., 2025; Li et al., 2022b); (c) Lithospheric structure of the western Tianshan (modified after Li et al., 2022b); (d) Lithospheric

structure of the eastern Tianshan (modified after Yang et al., 2022)

Ps/P—amplitude ratio of the converted wave to the direct P-wave
4 & B IR P B T AL
A0 B R IE A BT R AN BT B R TR AR R b 3K 3l 0 S A M AR Brdt, LRGPk

FERS AL RUEE EROFF e (B 8) o MIERIEIF AR B — MG AR I LT SR A, 1T A2 25 A e R v B i itk 7
RONLTR,  NARGO AT A 2 8] _E A Y B R T BT e . ANV SRAAE AT R, A0 18 4 A AR B P e S — BT 1)



G B HP IR TR i As e B B ) BN SR (18] 8a) , B AT REAEIE LI P9 SRR B A1 - LA A1 35 )8 9 32, AT
RIAFIAEBGE XS FRIIE R 50 (B 8b) o KT, Wi A B MEMRETE L], HAZOFFATE T b2
AR — I RJZ 0, AR TR H N AR T 5 5 13 7752 %A

TG, MEARPETE R R 08 At AR RS I AN A UK, AT AE 5 0 BERUFE b= A 7 1) BH 7
A G N . FE MR St LI PR PR, a2 2 O AR DR R A o Ak R B 5 T8 B 9B Al 44 R (Lin et al., 2003;
McQuarrie et al., 2005; Simoes etal., 2007; Gao etal., 2021; Zamora and Mora, 2022) , ¥ EUE TR
R BEAREFENFS, NSRRI P, A48 5 AR T AR I 1) 5 4% [A) A HASE T o St i A e B
—, AR AT ERL BT ) 7 e RN SR, Bt ST AR R B A R s (B 1 3)  REEERZ, §
) 22 5| FEA DR ELR R FENR T AFAE . TEVE R S BUORFhAiEE 2 J, R BT AE n] T R 2% B AR A o Can
B T e R AR A A, [FIRE AT RE AR KR O ) ISR SRR A S I BK B, BPRE U (Dong
etal., 2013) , MII{SERE P93 L1 A7 PE RGN [A] ROBE b e 57 20 B AR 4R 5 B g Al anpk 2 4 Bt 9 R B2
Rl RS W R TE . (Dong etal., 2013) o AHJ, 4R b 7 B8 5l iy 5 BE V) B FE S T BRI U5 40 35 3 ki),
)2 5| RS GS, A& LT NS e T P, SRR B S B AR v In) XIS EE AT, MG AR PR 2 55 4k
%% (Pusok and Kaus, 2015) .

B 517 1 IREN 22 A1, K ik 25 A0 P P E A D ke 2 | Ry R A 0 5 440 [R) A v e — s I 2 RUBE gt 7y
MMM . TR R R PV SRS R, AN A R W e (R YRR KT SR R R A A X IZ B, SR A4 2 [
AT AE A BRI I A A B N 4feiiE N, RIS BTy (18] 8a) o 1 AB Y iy ] (1wl Ml 5 32 BT HuA R
FE 530 FBT R B ER S A 1, HLRRERI B] 55 2 [A)E B 350/ T- U BRUAR S A b A 2R, (RAEREE i& BB B AT ] 2 30
AF R 1 . ) AR AR T S RS IRHAE . 0, EF R R N R B — SR ARH X, w38 2R B i L 1)
SEIE R Gt R J7 A R RUBE IR /INYE B A4 5 2 M s 1) () B A I, AT E JR3 3505 T2 I BB A [ ) s A 12
(Shietal., 2009) . XKEHLHIFHT, RIESRZ KRB MR IRE), 5 B W B i LT 2 05 ) 5t L
INATE X ISR S B B A AR PR 4514

Hk, PRI BT BT A R MR S R () 22 e e T B LR R, R S R AR L AR T B SN T A
S AR R RGeSy BB S AR R DA 22, BIEE S E N —ME R 5 kAT
Tl BENERHRES, 440 A PR v ST 4R rh O T8 BT SR BT U B ) AR MR AE (Xuetal., 2025) o ]z, 4id&Ll
PR AU . R e VR )N e hd A A A e g (WA B, NSRRI R 1 E R BEA
JE,  TCFE RN BE ] BE R Ly P DA — 8 ) — Sy A BY ) 5 SN o A Ui, SRV BRI IR . BN
RAa5, LA RPN AR FE o L R o 4 X KT (B 8b) Bl A 1 A DA 7 B A 4ERE (Wang et
al., 2011; Lietal., 2016, 2022b; Shenetal., 2020; Gaoetal., 2025) . {EIX—HESLF, % LHRHA
e e M VB AR G SR — 38R, FHAR BB € 1 1L 5 40 U0 B0 2 [ 0 5¢ R s T A4 3 B ASE 2 T
AIACA X AR A BT RS R - LSS G IMIE R IR (K1 8b) o HIEEARFER . 1& 1 i e R A Bk a5y X
B LU AR T A R M FE 554k, A 08 DI 2 kb BB AAR (1) A B 1) 14 PR L R SR R AR RN, AT AE 8
TV BSCAGE [r) 3d Ly () v A B 5 EC A N300 T 288 | 75 R STS T R AT [ 22 3 — 0] (%) R DR W ¢ )% Moho 5 b (R 4555,
2023; Lietal, 2025) o XFiaEH BRI HA — g7 mte, EHARTEAR))E T 5208 R TEA i 1)
MEEETIAEIEE . 5 2, TERENR R, M b B e b U 2 b I e A i B — V% ) 4 ] ke i 1
SR AT AEREPE ) . o SO DA IR, AR (S ) TR I Ly RS 2 BB E rh A SRR, LT BRI
SRR BT X RIS R s AR L SR, AT RS E BRI P AR B 7 TR AR T

LG AT NS I, BEE TR S RS AR R, R HGRIR S R SRR A RS, TR R
e v — R 28 PE IV N B B T, AR TR IR W b 7 W 2 4 ) A 1) b T b5 A A 0B PR AR T 4 il
(Klemperer, 2006) o Itif, FibFe N EBWT RS S AHR S, 4ed 58 2 385 T H s B0 )i 3 5 2 e Fa ok
W, L PO AR E 2 BRI BT e, WA ) DA ARG A RN 2 12 £ 2 N 32 (Royden etal., 1997) o HIT
BT 2 SRR GG SR S5, A% ER X ISR 2 OR B miE R (KRR SR (RIS SE, 2024) o LLAA il A
Bt CLE T2 K8 W e S1KEIR T (Bosch etal., 2016; Chevrot et al., 2022) , BI#fER NIX—Fr B
I AR S PR S S SRS N . X PP AR B, R SRR IR, & ]



HEN—Ff DAEE (46 F+ 5 R AN 8 £ B O A& AR TR B B, HEHh B AR AR B A R T 5 B VR AR T (1) = Ah
fEbR .

B, MG AR 10 52 B DR SN JT I (R RFEEVE R 290, XA A i 1 B A B 5 A B B MRS A AR A o 151
WAE RPN R T Ar L X, FURERR S 50T, S0 IO e, A A SRR E R B THE
W SRR — B AR B B, SR R AE WS FE S IR AR e AR AR R I T A PR s ek, R 3 EAHAE
JRE AR NG T 2R AR v e Sy DX A3 TE, AT Al A B TR B BT )R] 4 B ) B BOME R 4K (Avigad et al., 1993
Schmid et al., 1996, 2004; De Graciansky et al., 2011; Curzietal., 2024; &l 4) o XT3 55 3% 2 A4 18 3k ) [t
WIREE, BRI AR S A5 v ok P S5 38 ., 25 R = e KA YRR (0 B A2 51 2808, ) AR B B 7 36 1L s Y
WEBE, MEREAE RPN AR E A 23 (Lietal., 2016; Shenetal., 2020; Lietal, 2022b; Gao
etal., 2025) .

Zx FRmR, MIE A I AR S — SRR IE AR T T LRI 22 B R, T2V SRR &R TR IR SRR RR I S 2 A P R
—FNEMILEERTT, RIS A B REE B E AT . AR ERRE BRSSO i i - Canyse 52 0ty
Bl A R M SRR S A BT AR OO D), BT ) S AR LUK E R, 4R DL SR R BR A 07 3 B/
ARt 7 AR, T R AR BB U] 0 32 5 () Bl AR P IS A A AR TR ZR s AR AR DT 8 B B LA i AT A AR
U, PRI 5] B RN, & AT I R 2 IR, Ny S AR IO R AR A, AR R R
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a3 A PR 7 A IR T PR A Bk 5 A A2 15 A2 LA AR it PR 2 T 350 g vy 5 B PR Pk b e, oty A AR
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